The aim of the present study was to measure contrast sensitivity curves for angular frequencies in the range between 2 and 96 cycles/360º in older human adult volunteers and to compare these measurements with the more usual contrast sensitivity functions for sine-wave gratings. All subjects were free of identifiable ocular disease and had normal acuity. We measured the contrast thresholds for young adults (N = 6; age range, 20-26 years) and older adults (N = 6; age range, 60-67 years) using the psychophysical forced-choice method. In this paradigm the volunteers had to choose the stimulus containing a test frequency at low contrast (e.g., either a sine-wave grating or an angular frequency stimulus), or another neutral stimulus at mean luminance (without any contrast). Older adults presented a loss in contrast sensitivity at high and medium angular frequencies compared to the young adults (i.e., from 8 to 96 cycles/360º). Contrary to expectation, contrast sensitivity at low angular frequencies, i.e., 2 and 4 cycles/ 360º, was better for the older group than for the younger group. On the other hand, contrast sensitivity for sine-wave gratings at 3 and 4 cpd was higher for young adults as expected. These results suggest agerelated changes in the contrast sensitivity function for angular frequencies.
The characteristic neural and optical changes occurring in the aging human visual system have been the subject of a variety of studies relating them to the contrast sensitivity function (CSF) (1) (2) (3) (4) (5) (6) (7) . Although there is no consensus about the frequency ranges affected by aging, the main findings are: i) moderate decreases in sensitivity for medium and high spatial frequencies as indicated by the CSF (3, 7, 8) , and ii) the most significant decreases in the CSF occur only for adults over 50 years old (5, 9, 10) .
In the present study we measured the CSF for angular frequency stimuli (aCSF) in young and older adults using a forced-choice paradigm. Angular frequencies are spatial frequency stimuli defined in terms of polar coordinates (see further details in Ref. 11). They are referred to in the literature as windmill, radial stimuli or polar gratings (11) . Contrary to sine-wave gratings, angular frequency stimuli are independent of observa-tion distance.
Our objective was to relate the aging process to the aCSF. Studies on human vision measuring sensitivity to angular frequencies are rare for young adults (11, 12) and non-existent for the older population. Six young adults (20-26 years old) and six older adults (60-67 years old) were studied in the present investigation. They were free of ocular diseases and had been examined by an ophthalmologist over the last 12 months. They had normal or corrected to normal visual acuity.
Stimuli were generated on a SONY-BVM-1910 monitor, with RGBsync input controlled by a microcomputer through a DT-2853 frame grabber. Measurements were made at a distance of 150 cm from the monitor screen. A neutral gray plate was placed above the monitor to be fixated upon between trials to minimize visual after effects. Mean luminance was 6.9 cd/m 2 measured by an Asahi Pentax 1º spot meter. The minimum and maximum luminance values were 6.2 and 7.5 cd/m 2 . The room was gray for better control of ambient luminance.
The achromatic angular frequencies were 2, 4, 8, 16, 24, 32, 48, 64 and 96 cycles/360º. The aperture was circular and had a diameter of 7.25 degrees of visual angle ( Figure 1 ).
Measurements were made using a temporal two-alternative forced-choice paradigm (11, 12) . This paradigm is based on the probability of consecutive correct choices made by the subjects following the presentation of two successive stimuli, in this case, one at mean luminance (6.9 cd/m 2 ) and the other containing one of the angular frequencies. A correct choice was to select the angular frequency stimuli (first or second of each pair). The number of consecutive correct answers required for lowering contrast by a unit (0.08%) was set at three. Contrast was always increased by the same unit after each incorrect choice. This yielded a probability of 79% for perceiving the angular frequency stimuli.
An experimental session started with a brief beep followed by the presentation of one of the stimuli for 2 s, followed by an interstimulus interval lasting 1 s and by the presentation of the other stimulus for 2 s, followed by the response. The intertrial interval was 3 s. A different beep provided the feedback about each correct answer. The duration of an experimental session depended on the responses given by the subject and ended only after 10 pairs (5 pairs for the older adults) of peaks and valleys were obtained (i.e., 20-point estimate values, or 10 for the older adults). The session generally lasted about 15-20 min.
Each point estimate was measured at least twice, always on different days, for each subject. A total of twelve functions (of 9-point estimates each) was measured for both groups of subjects, yielding a sample of about 120-to 240-point estimates for each angular frequency being measured. Figure 2 shows the angular frequency contrast threshold function (1/aCSF) for young and older adults. Contrast threshold estimates are shown as a function of angular frequencies. The standard error of the mean (error bars) was corrected for the size of the sample to represent the 99% confidence interval.
The functions (1/aCSF) for both groups show that maximum sensitivity occurred at 16 and 32 cycles/360º, i.e., at medium angu- lar frequencies. Older adults needed 0.6 times more contrast than the young adult group at medium and high angular frequencies (Figure 2A) . On the other hand, for very low angular frequencies (i.e., 2 and 4 cycles) the older group needed less contrast. In the aCSF, all differences between groups were statistically significant (i.e., P < 0.000001 for both 2 cycles and 4 cycles; t-test for independent samples).
The present results show that sensitivity to angular frequencies is better for young adults at medium and high angular frequencies compared to older adults, while sensitivity at low and very low angular frequencies is better for the older group.
Our main objective was to characterize the visual systems of young and older adults by measuring the aCSF. We wanted to evaluate the possible processing changes as the result of aging. The results showed that this function is different for young (20-26 years old) and older adults (60-67 years old), with a decrease in sensitivity for older adults at medium and high frequencies, similar to that found for spatial frequencies in the literature (5,7,9,13-15). However, the higher sensitivity found for the older group in the range of 2-4 cycles/360º was unexpected. A t-test for independent samples showed P < 0.000001 for both 2 cycles/360º and 4 cycles/360º. There are no studies in the literature reporting this finding. On the contrary, several studies have reported a decline also at low spatial frequencies (6, 8, 16) .
In order to determine whether this difference was due to the experimental procedure, equipment or paradigm used, we also measured the CSF for spatial frequencies with sine-wave gratings (i.e., 0.5, 1.0, 2.0, 3.0, 4.0, 6.0 and 9.0 cycles per degree of visual angle, cpd) for the same subjects, same size, same method and equivalent experimental conditions ( Figure 2B ). The results for the CSF are similar to those in the literature for sine-wave gratings, showing lower sensitivity for the older adults at medium and high spatial frequency (1-9 cpd). In this case, we found no improvement at low frequencies when sine-wave gratings were used. Figure  2B shows the CSF for young and older adults. Under these conditions, only spatial frequencies of 3.0 and 4.0 cpd showed significant differences (i.e., using a t-test for independent samples, P = 0.000001 for both spatial frequencies).
Thus, the improvement at low angular frequency (i.e., at 2 and 4 cycles/360º) observed for the older adults when compared to the younger group may be related to differences of the channels, putative mechanisms involved in the processing of angular frequencies and sine-wave gratings. The available literature suggests that these stimuli (i.e., angular frequency and sine-wave gratings) are most likely processed by different visual cortical areas (12, (17) (18) (19) . It is too soon to state that aging affects the underlying putative mechanisms for spatial and angular frequencies in different ways, particularly at lower angular frequencies, but some studies have suggested that aging alters the visual pathways (3, 6, 8, 17, 20) . Since these are rather unexpected results we think they require further investigation.
